We previously confirmed that crude streptolysin O (SLO) consists of heterogeneous components with different isoelectric points (pIs) and hemolytic efficiency, as determined by the slope of the titration curve. The two preparations of SLO having different pI distributions were further characterized in this research. The pIs of the major components of the two SLO preparations are around pH 6 (acidic) and 7.5 (neutral). Although the neutral SLO was shown to be more hydrophobic than the acidic SLO based on the behavior on hydrophobic interaction chromatography, the capacities of the two types to bind to erythrocytes did not differ. On the other hand, the neutral SLO destroyed liposomes to some extent, whereas the acidic SLO did not, even at concentrations of 100 HD 50 (50% hemolytic dose), suggesting that the mode of membrane damage by the two types of SLO are different. Furthermore, electron microscopic observation indicated that the acidic SLO preferably formed an irregular-shaped complex and semicircular pores on erythrocyte membranes, in contrast to the complete pore formation by the neutral SLO. Thus, we clarified that the two hemolytic forms of SLO have different pore formation efficiencies based on liposome membrane damage and electron micrographs of ghosts.
INTRODUCTION
Streptolysin O (SLO) is a potent membrane-disrupting protein produced by Streptococcus pyogenes, and it has been reported to bind to cholesterol in the cell membrane, form polymers, and generate very large transmembrane channels, through which hemoglobin (Hb) can escape 1, 2) . Arcor ring-shaped structures have been observed by electron microscopy on erythrocyte membranes treated with SLO, and details of the mechanism of hemolysis by SLO have been reported by Sekiya et al. 3) .
In a previous paper, we reported that samples of crude SLO produced by one strain exhibited a variety of isoelectric points (pIs) and hemolytic efficiency indices (HE, slope of titration curve for hemolytic activity). Moreover, when SLO was purified by isoelectric focusing (IEF), homolytic components with lower pIs had a lower HE, thus suggesting that SLOs with different pI values lyse erythrocytes in a slightly different manner 4, 5) .
SLO is known to have variations in not only an electric charge but also in hydrophobic properties 6) , and assembly of SLO molecules and formation of membrane lesions have been shown to depend on the hydrophilic region of SLO molecules 1) . HE is thought to reflect the efficiency of SLO complex formation in erythrocyte membranes. Thus, it is possible that the hydrophobicity of SLO molecules is responsible for HE. However, to our knowledge little has been reported on the hydrophobic diversity of SLOs.
In this study, we attempted to characterize the differences in HE among acidic (pI 6.0) and neutral (pI 7.5) SLOs.
MATERIALS AND METHODS

Strain
S. pyogenes SS265 (group A, type 3), which was obtained from the Centers for Disease Control, Atlanta, Georgia, via the National Institute of Infectious Diseases, Tokyo, Japan, was used in the present study.
Culture medium
Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) containing 1% yeast extract (Difco) was filtered through Labo-Module (6000 molecular weight cut-off; Asahi Chemical Industry Co., Ltd., Tokyo) in order to eliminate highmolecular weight substances, supplemented with 3% glucose, and sterilized by passing through a membrane filter (pore size, 0.22 μm).
Preparation of crude SLO
Four liters of medium were inoculated with 0.4 ml of bacterial suspension cultured for 7 to 8 h, and incubated at 37°C with stirring with the pH held at 7.5 by a pH controller (Tokyo Rikakikai Co., Ltd., Tokyo). After 16 to 18 h of incubation, culture supernatants were harvested by continuous centrifugation, concentrated to 100 ml by ultrafiltration, treated with 10 U of hyaluronidase (Mochida Pharmaceutical Co., Ltd., Tokyo) per ml at 37°C for 5 min, and used as crude SLO. The crude SLO samples were stored at -40°C. Samples did not exhibit proteolytic activity against casein when assayed by the method of Grushoff et al. 7) , with the slight modification of using 2-mercaptoethanol (2-ME) as a reducing agent. Crude SLO samples prepared under the identical conditions showed a variation in the distribution of pI bands over a range of pI values. Crude SLO samples containing the neutral SLO as a major component (pI 7.5) and the acidic SLO as a major component (pI 6.0) were designated SLO-N and SLO-A, respectively.
SLO assay
Hemolytic activity of SLO was spectrophotometrically determined using 50%-end-point titration 8) . SLO preparations were diluted on a 0.l log-unit dilution scale with PBS supplemented with 2-ME and BSA, and 0.5 ml of a 2.5% suspension of rabbit erythrocytes (RE) in phosphatebuffered saline (PBS) was added to 1.5 ml of the SLO solutions. After incubation at 37°C for 60 min, tubes were centrifuged and supernatant in the tubes was read at 510 nm against a blank tube containing the diluent in lieu of SLO. Activity was expressed as 50%hemolytic dose (HD 50 ) per ml.
In order to determine HE, the percent hemolysis calculated for each tube was transformed into a probit. When the probit was plotted against the log of the SLO dose, a rectilinear curve was obtained. HE was obtained from the rectilinear curve by using the following formula: HE = [NΣxiyi -
, where x is the log of the SLO dose, y is the percent lysis in probits, and N is the number of points in the rectilinear curve.
Binding of SLO to RE
Intact RE and RE ghosts were used as erythrocyte membranes. SLO samples were incubated with the same volume of a 2.5% RE suspension and a suspension of RE ghosts equivalent to a 2.5% RE suspension for 30 min at 0°C and 37°C, respectively. After centrifugation, the remaining hemolytic activity in the supernatant was measured as described above. Reduced activity was considered to indicate binding to RE or RE ghosts. Hb release was measured at 510 nm.
Liposome destruction
Multilamellar liposomes containing K + were prepared by the method of Bhangham et al. 9) . Briefly, 2 ml of 5 mM phosphatidylcholine and 1 ml of 10 mM cholesterol (Sigma Chemical Co., St. Louis, Mo.) dissolved in chloroform were mixed (total volume, 3 ml; phosphatidylcholine: choles-terol=l:1). After removing chloroform by evaporation at 35°C, 2 ml of 150 mM choline chloride/150 mM KCl in water was added and the mixture was vigorously stirred for 2 min at room temperature to obtain a homogeneous emulsion. Liposomes were centrifuged, washed twice and suspended in 2 ml of 150 mM choline chloride in 10 mM Tris-HCl buffer (pH 7.4). Five milliliters of liposome suspension was incubated with 100 HD 50 of SLO in the presence of 2-ME (total volume, 10 ml) at room temperature, and K + efflux was detected by a K + -sensitive electrode 10, 11) . K + concentration was determined by a calibration curve (10 -6 to 10 -2 M of KCl).
Hydrophobic interaction chromatography
Phenyl-Sepharose CL-4B gel (GE Healyh care Bio-Sciences, Tokyou, Japan) was used. As a decreasing linear gradient of (NH 4 ) 2 SO 4 (800 mM to 0 mM) was not successful for elution of SLO activity, we used a modified batch method. Briefly., 2 ml of gel was poured into a column (10 ×100 mm), which was then washed with 9 ml of 35 mM potassium phosphate buffer (pH 6.5) containing 800 mM (NH 4 ) 2 SO 4 . SLO-A or -N (0.5 ml; 400 HD 50 ) was added, and the column was washed with 9 ml of the buffer to remove unadsorbed substances. One milliliter of the above buffer without (NH 4 ) 2 SO 4 was added to the column, and the gel was gently stirred with a glass rod. After the gel settled, 1.0 ml of buffer was removed from the bottom. This procedure was carried out 12 times, and 12 fractions were obtained. The hemolytic activity of each fraction was determined by Hb release using the microtiter method. The (NH 4 ) 2 SO 4 was confirmed not to affect SLO activity at the concentrations used in the assay system.
Analytical IEF
Samples of SLO-A and -N selected for electron microscopy were analyzed for pI distribution patterns by analytical thin-layer IEF 4) . After IEF, the gel plate was overlaid with an agar plate, which contained 2.5% RE and 0.8% agar in PBS and had been soaked for 30 min in five-fold-concentrated PBS (180 mM phosphate buffer, pH 6.5, containing 635 mM NaCl) supplemented with 0.2 M 2-ME. Hemolytic patterns were observed after incubation for 1 h at 37°C.
Electron microscopy
A suspension of RE ghosts was added dropwise to distilled water and gently mixed with a capillary tube. After 20 to 30 min, the membrane fragments that floated and spread out over the interface were mounted on supporting films on grids 3) . These membranes were then treated with SLO-A or SLO-N diluted with PBS supplemented with 0.1% BSA at room temperature for 2 min. Hemolytic activity of SLO-A and SLO-N was 6.7×10 3 HD 50 /ml and 4.0×10 3 HD 50 /ml, respectively. Membranes were fixed with 2.5% glutaraldehyde for 1 min, negatively stained with 2% phosphotungstic acid, and observed by transmission electron microscopy (Hitachi H-500, Hitachi Co., Ltd., Tokyo).
Statistical analysis
The statistical significance of data was determined by Student's t test.
RESULTS
HE Comparison of SLO-A and SLO-N
SLO-A and -N were titrated for hemolytic activity by 50%-end-point titration. The slope of the reaction curve, i.e. HE, for SLO-N was larger than that for SLO-A ( Fig. 1 ), as previously demonstrated 4) . The HE values of SLO-A and -N, as shown in Fig. 1 , are 5.90 and 8.25, respectively. Mean HE of the three SLO-A and -N samples is 5.90±0.28 and 8.24±0.26, respectively. These results indicate that SLO-A and -N differ in efficacy of hemolysis.
Capacity of SLO-A and SLO-N to bind with RE membrane
In order to determine whether the difference in HE of SLO-A and -N is based on their capacity to bind to the RE membrane, the binding ability of SLO-A and -N to bind to intact RE or RE ghosts was compared. When SLO-A and -N (2 HD 50 ) were incubated with intact RE at 0°C or RE ghosts at 37°C, binding of SLO-A to both types of RE membranes was the same as that of SLO-N (P>0.05; Table 1 ). The results were confirmed by repeated experiments (three in total) with three samples of each SLO-A and -N (data not shown). These results indicate that the binding capacities of SLO-A and -N do not differ.
Destruction of liposomes by SLO-A and -N
In order to compare the ability of SLO-A and -N to damage membranes, liposomes were also used. Liposomes were destroyed by SLO-N (100 HD 50 ), but SLO-A could not destroy them at this concentration (Fig. 2) . The results suggest that SLO-N causes membrane damage more efficiently than SLO-A.
Hydrophobicity of SLO-A and -N
When samples of both SLOs were applied to a Phenyl-Sepharose column, the hemolytic activity of SLO-N was eluted more slowly than that of SLO-A (Fig. 3) . The maximum activity of three samples each of SLO-A and -N were shown to be eluted at 3.17±0.24 ml and 6.00±0.41 ml, respectively (p<0.05). These results indicate that the hydrophobicity of SLO-N is greater than that of SLO-A.
Electron microscopic observation of membrane lesions caused by SLO-A and -N
In order to observe the mode of destruction of the RE membrane by SLOs, RE ghosts were treated with SLO-A or -N. These SLO samples were selected for their high contents of each of the major SLO components (pI 6.0 or pI 7.5). Analytical IEF showed that the SLO component of the sample of SLO-N was largely composed of neutral SLO, whereas the sample of SLO-A contained acidic SLO as a major component and neutral SLO as a minor component ( Fig. 4) .
As shown in Fig. 5A , most of the SLO-A complexes took irregular shapes such as coils, S-shapes and tangles (including rings and arcs) on the RE membranes, and were not accompanied by pores, although regular structures with pores were found to some extent. Moreover, a large number of complexes remained on the surface of membranes. The free edges of the membranes were not folded and were partially surrounded by oligomers, thus suggesting that the membranes were eventually ruptured by SLO-A.
In contrast, the edges of the membranes were always found to be folded after lysis by SLO-N ( Fig. 5B ). On the membrane surfaces, only regular structures accompanied by pores were observed. Rings on the back-side membrane were visible through the pores on the upper-side membrane. The size of the pores varied depending on the com- Samples were applied to agarose gel containing Ampholine and focused; hemolytic activity was detected by overlaying agarose plates containing RE and 2-ME. Vertical lines indicate hemolytic bands on the overlaid plate.
bination of several arcs. However, the rings and arcs had the same radius. It is interesting that the irregular-shaped complexes of SLO-A without pores were narrower (2-3 nm) than the regular structures with pores formed by SLO-N (5 nm).
DISCUSSION
SLO molecules are known to have an amphiphilic nature, which ensures their ability to bind to erythrocytes, to form polymers, and to create leaks in the membrane by repelling lipids from the hydrophilic areas of SLO polymer 1) . The present study showed that the subtle difference in hydrophobicity of SLO molecules is related to pI.
It is known that SLO is very unstable 1) . Preparations of crude SLO were thought to be pure enough for our purposes, because further purification did not always increase specific activity. For electron microscopic observation of membrane damage by SLO complexes that required high levels of SLO activity, we selected two crude SLO preparations, each containing the major SLO component of SLO-A (pI 6.0) or SLO-N (pI 7.5), which were confirmed by analytical IEF. For technical reasons, it was impossible to obtain a high-titer SLO component purified by IEF. While the regular structures with pores seen in SLO-A treated membrane were thought to be caused by SLO-N present in the sample, irregular-shaped complexes were not seen in membrane treated with SLO-N, which apparently almost only contained SLO-N (Fig. 4) .
The irregular-shaped complexes formed by a SLO-A were mostly narrower (2-3 nm) than those formed by a SLO-N (5 nm) ( Fig. 5 ). Sekiya et al. 3) analyzed SLO-derived membrane lesions by examining electron micrographs of negatively stained preparations, and found that SLO rings were composed of two layers of SLO molecules (outer unit and inner unit), although the relative contribution of SLO-A and -N to the complex formation was not determined. As the width of the rings was 5 nm, the narrow complexes (2-3 nm) observed in the membranes treated with SLO-A in this study are believed to be composed of one layer of SLO, in contrast to the two-layer complexes formed by SLO-N.
As SLO-A and -N do not differ in their ability to bind to the RE membrane, the mode of assembly of the molecules in the membrane is considered to differ between the two types of SLO. After binding to an erythrocyte membrane, hydrophilic SLO-A is assumed to assemble its molecules more readily than hydrophobic SLO-N in the hydrophobic milieu of the membrane, resulting in complex formation at a lower concentration. Although the rate of embedding of hydrophilic SLO-A complexes into the hydrophobic lipid bilayers of the membrane is not high, the assembly of noncircularized rods of the small complexes on the membranes forms slits or semicircular pores (Fig. 5A) , which arise by repelling fatty acid chains from the hydrophilic concave surface of the complex. The abundant formation of complexes without pores or slits on the membranes as observed by electron microscopy may lead to a moderate increase in Hb release against the increase of SLO concentration, i.e., a smaller HE.
On the other hand, self-assembly of hydrophobic SLO-N molecules in the hydrophobic milieu of the membrane is inefficient at low SLO concentrations. Furthermore, as the small complexes of SLO-N have a lower repulsive force against the hydrophobic lipid bilayer, it is difficult for them to form slits or semicircular pores. However, at concentrations over the threshold to permit self-assembly, SLO-N can form ring-shaped complexes followed by large circular transmembrane channels (Fig. 5B ). Over the threshold concentration, a slight increase in molecules can induce a burst of pore formation, leading to a large HE, i.e. a steep slope of the titration curve around 50% hemolysis.
SLO-N caused liposome damage, whereas SLO-A did not, even at high SLO concentrations (100 HD 50 ) (Fig. 2) . The results indicate that slit formation by an SLO-A complex in liposome membranes is more difficult than in RE membranes. Moreover, liposome destruction by SLO-N was not complete, even at concentration that can lyse RE. These results may be due to the difference in the nature of the membranes. The low fluidity of the liposome membrane, which contains a higher concentration of cholesterol than erythrocytes 12) , may lead to inefficient large complex formation, thereby limiting the production of pores or slits in the membrane. The diversity of phospholipid species and fatty acid chains in RE membranes may also be a factor.
Bhakdi et al. 2) identified and characterized two hemolytically active forms of SLO, one with a molecular weight of 69 kDa and a pI of 6.0 to 6.4 and the other with a molecular weight of 57 kDa and a pI of 7.0 to 7.5, and showed that the latter form was derived from partial proteolytic modification of the native toxin. They also found that both the original and modified forms of SLO generated the typical, ringstructured channels in erythrocyte membranes 2) . Pinkney et al. 13) suggested that the cleavage was caused by pyrogenic enterotoxin B protease between Lys-77 and Leu-78 of native SLO. On the other hand, the heterogeneity of our SLOs has been shown not to be induced by proteolytic modification 4, 14) . Moreover, in this study, electron microscopic observation indicated that SLO-A and -N formed apparently different types of membrane lesion (Fig. 5) . The discrepancy is thought to be caused by different modes of modification that depend on the pH of culture. The differences between these two hemolytic forms of SLO were confirmed to be in pore formation efficiency, with the neutral form having a higher efficiency than the acidic form. When pathogenicities of both toxins were compared, the neutral SLO was apparently more potent than the acidic SLO.
Although detection of anti-SLO (ASO) antibody has recently been performed by latex agglutination or precipitation in clinical laboratories, the neutralization of SLO activity is thought to a more specific method for ASO antibody titration, as the commercially available reagents (antigens) for such methods are not always highly specific for SLO. Practically, however, it is important that the heterogeneity of HE in SLO samples (reagents) may render ASO antibody titration by the Rantz-Randall method 15) unreliable. The present study suggests that the use of an SLO sample with a constantly high HE may be necessary for accurate and reproducible titration of ASO. Studies on the contribution of decarboxylation to the heterogeneity of SLO and on preparation of SLO samples with a constant HE for the ASO test are in progress at our laboratory.
Parts of this paper were presented at the second symposium of the 56th general meeting of the Japanese Electrophoresis Society 5) .
